pathways, such as AMPK/m-TOR, CyclinD1, p21 and Src, or cooperating with other genes, such as K-RAS and p53. 2, [4] [5] [6] [7] Although many studies have been conducted on the biological functions of LKB1 in tumorigenesis, the underlying mechanisms are largely unknown.
Snail, an important epithelial-mesenchymal transition (EMT) inducer, is closely correlated with tumor metastasis. 8 In PC, Snail promotes malignancy and metastasis by recruiting the E3 ligase Ring1B. 9 In addition, Snail cooperation with KrasG12D facilitates pancreatic fibrosis and maintains the stemness of PC cells. 9, 10 Therefore, Snail has been regarded as a potential target in pancreatic diagnosis and treatment. However, the correlation between LKB1 and Snail in PC needs to be characterized, which will be beneficial for exploring potential therapeutic strategies in clinic.
In this study, we demonstrate that the level of LKB1 nega- Furthermore, our data illustrate that metformin arrests PC cells' migration and invasion through LKB1-dependent Snail ubiquitination and degradation. Taken together, we believe that LKB1 might be a potent regulator of Snail for PC malignancy and metastasis, and metformin may be promising drug to be implemented in PC therapy. 
| MATERIALS AND METHODS

| Tumor samples
| Immunological histological chemistry analysis
The immunological histological chemistry (IHC) analysis was performed as described previously. 11 The IHC evaluation of protein expression intensity in PC tissues and normal adjacent tissues was performed independently by 2 pathologists from the department of Pathology, Zhongshan Hospital (Fudan University). The staining intensity was scored as described previously.
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The following primary antibodies were used: anti-LKB1 antibody from Cell Signaling Technology and anti-Snail from Thermo Fisher. For all cultures, cells were incubated at 37°C in a humidified atmosphere with 5% CO 2 .
| Mouse embryonic fibroblast extraction, culture and infection
The methods of mouse embryonic fibroblast (MEF) extraction and culture in vitro were performed as described previously. 13 In our study, LKB1 
| Nuclear and cytoplasmic protein extraction
Nuclear and cytoplasmic proteins were extracted as described previous. 14 In brief, cells were treated with metformin or leptomycin B, respectively, for indicated times. Cells were harvested and lysed in ice-cold cytoplasmic protein extraction regent (CER) I for 15 minutes, followed by addition of ice-cold CER II and incubation on ice for another 1 minutes. Cell lysates then were centrifuged at 16 000 9 g for 5 minutes at 4°C and the supernatant containing the cytoplasmic proteins was removed and stored for use. The insoluble pellet was resuspended in ice-cold nuclear protein extraction regent (NER) and incubated on ice for 40 minutes. We centrifuged the tube at maximum speed for 10 minutes at 4°C and immediately transferred the supernatant fraction to a clean tube; extracts were stored at À20°C until use. The experiments were repeated at least 3 times.
| Western blotting and immunoprecipitation
Western blotting and immunoprecipitation (IP) assays were extracted as described previously. 15 The following primary antibod- | 1383 2.7 | RNA isolation and real-time PCR RNA isolation and real-time PCR assays were performed as described previously. 15 The primers used for real-time PCR are shown in Table 1 .
| Transwell migration and invasion assays
Migration and invasion assays were performed as described previously. 15 The experiments were repeated at least 3 times.
| 3-D cell culture
Capan-2 and PANC-1 cells were cultured on Matrigel as described previously. 16 In our study, as indicated, cells were propagated for 5-12 days. The experiments were repeated at least 3 times.
| Oncomine data analysis
The Oncomine database was analyzed as previously described. 17 Briefly, the gene was searched using the threshold values as follows:
fold-change of 2, P-value of .05 and gene rank in the top 10% among all differentially expressed genes. All the datasets were listed and ordered by P-value; for each published dataset, the values were linked to the graphical representations of the original microarray dataset. The unpaired Student's t test was used to calculate P-values.
| Statistical analysis
Data are presented as the mean AE SD from at least 3 independent experiments. Two-tailed Student's t tests were conducted using Instat 5.0 (GraphPad). P-values less than .05 were considered as significant differences.
3 | RESULTS
| Liver kinase B1 negatively correlated with
Snail expression in pancreatic cancer
To identify the expression pattern of LKB1 in PC, the clinical PC gene expression datasets obtained from Oncomine database were
analyzed. 18 The results demonstrated that LKB1 mRNA was signifi- Epithelial-mesenchymal transition as one of the hallmarks of cancer has been involved in PC malignancy and metastasis. 8 Interestingly, we found an inverse correlation between LKB1 and Snail protein in human PC tissues which were displayed in Figure 1C ( Figure 1D ). We further examined the expression patterns of LKB1 and Snail in another 51 human PDAC samples using tumor microarrays.
Notably, IHC analyses revealed that almost 70% of human PDAC samples presented an LKB1 low Snail high protein pattern ( Figure 1E ).
Taken together, these results suggest that the LKB1, as a promisingly negative regulator of Snail protein, significantly correlates with PC malignancy and metastasis. Figure 2A) . Consistently, the protein levels of LKB1 and Snail
T A B L E 1 Sequences of primers used in real time-qPCR
Primer Sequence
were inversely correlated in 9 PC cell lines ( Figure 2B PANC-1 wtLKB1, >240 minutes) ( Figure 3C ). In addition, epoxomicin also significantly improved the migration and invasion of Capan-2 wtLKB1 ( Figure 3D ,E). Taken together, the data suggested that LKB1 might repress Snail accumulation through ubiquitin-mediated degradation to inhibit PC migration and invasion.
| Liver kinase B1 promotes Snail degradation through enhancing the binding of Snail and E3 ligase FBXL14
Prior work suggested that activation of the GSK3b/bTrCp pathway resulted in Snail reduction, 29 which led us to examine whether LKB1 suppressed Snail expression though the GSK3b/bTrCp pathway in PC cells. However, LKB1 overexpression in PANC-1 or Capan-2 cells did not lead to activation of GSK3b ( Figure S5A,B) . In addition, the protein level of snail was not altered in Capan-2 wtLKB1 cells along with b-TrCp siRNA ( Figure S5C ). Furthermore, we tested whether To address whether metformin suppresses the Snail protein level via LKB1-mediated ubiquitination, IP assays showed that metformin enhanced the association between Snail and FBXL14, and promoted Snail ubiquitination ( Figure 5D ,E). Furthermore, we found that metformin increased the total LKB1 protein level and cytoplasmic LKB1 location ( Figure 5G ), which was consistent with the result from IF assay ( Figure 5F ). In addition, Snail protein was dramatically decreased by metformin in Capan-2 wtLKB1 cell line ( Figure 5G ). Next, to identify the role of cytoplasmic LKB1 in Snail level, Leptomycin B, an inhibitor of nuclear export, was used to decrease LKB1's location in cytoplasm, and the data demonstrated that LKB1 was limited to nuclear and Snail protein level was increased ( Figure S7A,B) . Therefore, our result confirmed that the effect of metaformin on translocation of LKB1 to cytoplasm is responsible for Snail degradation.
To define the biological function of metformin in LKB1-Snail regulation, we employed transwell assays. The results showed that metformin attenuated migration and invasion of Capan-2 wtLKB1 and PANC-1 cell lines, as well as inhibited protrusion formation and malignant phenotype in 3-D culture ( Figure 5H,I ). Altogether, our data illustrated that metformin inhibits migratory and invasive behaviors and decreases Snail protein level, which is dependent on LKB1 level and location in PC cells.
| DISCUSSION
As reported here, the lower expression of LKB1 is associated with high grade and advanced stage, and decreased LKB1 levels are SONG ET AL. Liver kinase B1 deficiency has frequently been linked to more malignant cancer behaviors, including invasion and metastasis. 3, 5, 6 Snail is involved in the acquisition of invasive and migratory properties during tumourgenesis. 9, 10 It is reported that scaffolding protein DIXDC1 suppresses Snail level in LKB1/MARK1-positive cancer cells. 33 Our studies demonstrate the negative relationship between LKB1 protein and Snail protein in PC samples and PC cell lines. However, we did not find a correlation between LKB1 and DIXDX1 in PC cell lines ( Figure S5E ). In addition, our observations suggest that LKB1 inhibits Snail protein level but not mRNA in PC but has no effect on the other EMT inducers (such as Slug, Twist).
Furthermore, the expression of E-cadherin, which is suppressed by Snail, has positively correlation with LKB1 in PC cells ( Figure S2C ).
FBXL14, belonging to the F-box family, mainly localizes at cytoplasm and has important roles in regulating EMT inducers (such as Snail, Slug and Twist). 34, 35 Previous data demonstrated that hypoxiacontrolled FBXL14 improves the Snail protein level through regulating proteasome-mediated Snail degradation. 31 In this study, we demonstrate that LKB1 increases the interaction between FBXL14 and Snail and promotes FBXL14-mediated Snail protein degradation though AMPK-independent signaling. In addition, we observed that FBXL14 mRNA ( Figure S6C ) and protein levels were increased when we introduced full-length LKB1 into PC cells. LKB1, Quantitative results are illustrated for panels (right). Data represent the mean AE SD (n = 3) from 3 separate experiments. **P < .01, ***P < .001, Student's t test; H, The acinar morphologies of PANC-1 shLKB1 and the control cell line in 3-D culture with or without metformin treatment. Quantitative results are illustrated for panels (right). Data represent the mean AE SD (n = 3) from 3 separate experiments. ***P < .001, Student's t test; I, Transwell assays were used to show the migration (5 9 10 4 cells/well) and invasion (9 9 10 4 cells/well) of Capan-2 pBABE (or Capan-2wtLKB1) and Capan-2 pBABE (or Capan-2 wtLKB1) with 10 lmol/L metformin treatment for 24 h. Quantitative results are illustrated for panels (right). Data represent the mean AE SD (n = 3) from 3 separate experiments. ***P < .001, **P < .01, *P < .05, Student's t test. Scale bars: transwell assay, 200 lm; 3-D culture, 50 lm as a key kinase in energy metabolism, is activated to antagonize cell injury and is involved in an energy stress condition. 36, 37 Depletion of LKB1 enhances the effects of hypoxia inducible factor-1a (HIF-1a)
on metabolism reprogramming to maintain cell proliferation in cancer. 38 Thus, we consider whether the upregulation of the FBXL14 level was associated with the modulation of LKB1/HIF-1a signaling.
The specific mechanism needs to be further explored.
Metformin has received tremendous attention due to its potential anti-cancer effects. 32 ligase FBXL14 and Snail in PC cells, which might be independent of AMPK or GSK3b pathway. These findings have improved our understanding of specific functions and mechanisms of LKB1 in PC.
Moreover, metformin, as a sensitizer or combined with first-line chemotherapeutic agents, may provide a promising therapeutic strategy for PC.
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